It has been known that diapause is not induced in populations of the two-spotted spider mite, Tetranychus urticae, under continuous darkness (DD). When the light intensity was changed under LD 8:16 at 18°C, the threshold intensity for blue light (475 nm) to induce 50% of diapause was below 50 mW/m 2 ; and the blue light was most effective in photoperiodic induction of diapause. The threshold intensities for green (572 nm) and orange (612 nm) light were 50-500 and 500-2,500 mW/m 2 , respectively. T. urticae showed no sensitivity to red light (658 nm) even at 2,500 mW/m 2 intensity. Low diapause incidence under long wavelengths was probably due to the absence of photoreception by photoreceptor pigments for photoperiodic time measurement, or for circadian entrainment required for photoperiodic induction.
INTRODUCTION
The two-spotted spider mite, Tetranychus urticae is distributed worldwide and is a serious pest for a wide variety of crops (Van de Vrie et al., 1972) as a typical r-strategist (Sabelis, 1985) . The r is elevated by a short developmental period and high fecundity enforced by life-history characteristics to produce successive generations. Growth rate and photoperiodism are important determinants in life history.
Veerman and his colleagues performed phenomenological investigations for the photoperiodic mechanism of diapause in T. urticae. They proposed a photoperiodic model based on three characteristics, namely, (1) a non-repetitive long-night measuring photoperiodic timer, which may be either a real hourglass or a rapidly damped oscillator;
(2) since Nanda-Hamner protocol produced rhythmic fluctuations in diapause induction, circadian system is somehow involved in the photoperiodic response, and (3) the so-called photoperiodic counter, which integrates photoperiodic 'informa-tion' Veerman, 1982, 1986; Veerman and Vaz Nunes, 1987; Veerman, 2001; Veerman and Veenendaal, 2003) . However, the basic knowledge on several aspects, particularly, hormonal mechanism of diapause regulation, molecular mechanism of circadian system and its involvement in photoperiodism, and photoreception mechanism still remain unclarified.
The present study investigates the sensitivity of T. urticae to quality and intensity of light for photoperiodic induction of diapause by using light emitting diodes (LEDs).
MATERIALS AND METHODS
Laboratory culture of T. urticae and the food plant. The founder population of T. urticae was collected from an apple orchard (Malus pumila Mill 'Fuji') at Iwate, Japan (39°41ЈN), in 2001. The offspring populations were maintained in the laboratory on leaves of kidney bean (Phaseolus vulgaris L.) under long-day (LD 16:8) conditions provided by white fluorescent lamps (FPL27EX-N;
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Matsushita Electric Industrial Co. Ltd., Osaka, Japan) at 25°C.
Thirty adult females were introduced onto a fresh bean leaf that was placed on water-soaked cotton in a plastic petri dish (9 cm diameter, 2 cm depth), and they were maintained at 25°C for 12 h in continuous darkness (DD) for oviposition. The eggs were maintained for 5 days under the same environmental conditions.
The kidney beans were planted in plastic pots (7.5 cm diameter, 6.5 cm depth) containing moist soil (Yanmar Agricultural Equipment Co. Ltd., Osaka, Japan) and cultivated in a closed transplant production system at Chiba University (Chun and Kozai, 2000) under a controlled environment. The environmental conditions inside the system were LD 16:8 under white fluorescent lamps (FHF32EX-N-H; Matsushita Electric Industrial Co. Ltd.), PPFD (photosynthetic photon flux density) of 300 mmol/m 2 /s, air temperature of 25°C, 70% RH, CO 2 concentration of 1,500 mmol/mol and air current speed of 1.3 m/s. Half-strength Otsuka A prescription nutrient solution (Otsuka Chemical Co. Ltd., Osaka, Japan; pH, 6.0; EC, 1.2 dS/m) was used to irrigate the plants every day.
Experimental devices. Experimental devices were made according to Suzuki et al. (2007) with some modifications. All experiments were conducted using incubators (MIR-152; SANYO Electric Co. Ltd., Osaka, Japan) equipped with either blue (E1L51-3B; Toyoda Gosei Co. Ltd., Aichi, Japan), green (TLGE183P; Toshiba Co., Tokyo, Japan), orange (TLOE180AP; Toshiba Co.), red (GL5UR3K1; SHARP Co., Osaka, Japan) or white (NSPW500BS; Nichia Co., Tokushima, Japan) LEDs. Each LED unit was wired to an externally mounted DC power supply (PR18-5A; Kenwood Co., Tokyo, Japan) with a time switch (TB23; Matsushita Electric Industrial Co., Ltd.). Figure 1 shows the spectral distribution of LEDs. The light intensity was regulated by electric current from the DC power supply. A rearing system consists of 36 kidney-bean leaf disks (10 mm diameter) placed on water-soaked cotton in a petri dish and mites were placed on the disks.
Experimental conditions. Larvae that hatched 5 days after oviposition were transferred onto the leaf disks (1 mite/disk). Under blue, green and orange light, the intensity was set at 50, 100 and 2,500 mW/m 2 on the petri dish. Under red and white light, the intensity was set at 2,500 mW/m 2 on the petri dish. In all treatments, the light and dark periods were set at 8 and 16 h, respectively (LD 8:16). Air temperature was set at 18.0°C at a level of 1 mm above the leaf disk. Air temperatures were measured with copper-constantan thermocouples (wire diameter 0.1 mm). The measurements were recorded using a data logger (CR23X; Campbell Scientific Inc., Utah, USA) and stored in a personal computer.
Observation. Diapause induction was judged 11 days after adult emergence by the lack of oviposition (Veerman, 1985) . The leaf disks were renewed every 5 days. Table 1 shows the diapause incidence under LD 8:16 consisting of white or red (658 nm) light and darkness, or in DD. Under white light at 2,500 mW/m 2 , T. urticae recognized the photoregimen as a long night of 16 h, longer than the critical night length under which all females entered diapause. 214 T. SUZUKI et al. On the other hand, none of them entered diapause under red-light conditions even if the intensity was as high as 2,500 mW/m 2 and in DD. T. urticae recognized the red light as darkness, and the LD cycle was regarded as DD.
RESULTS
When T. urticae was reared under different light qualities at identical light intensities, namely, at 50 and 500 mW/m 2 , diapause incidence decreased as the wavelength increased, and the differences among the light qualities were significant ( Fig.  2A, B ; pϽ0.05/3, Fisher's exact test with Bonferroni correction). However, at 2,500 mW/m 2 , T. urticae recognized this as light (therefore as a long night) and nearly all females subsequently entered diapause regardless of the light qualities. At this intensity, the differences among the light qualities were not significant (Fig. 2C, pϾ0.05/3) .
A comparison of the diapause incidences at different light intensities under identical light qualities suggested that T. urticae recognized the photoperiod of blue light (475 nm) as a long night and nearly all females entered diapause even if the light intensity was as low as 50 mW/m 2 . Differences among the light intensities were not significant (Fig. 2D, pϾ0.05/3) . Under green-light conditions (572 nm), diapause incidence increased with the light intensity and the differences were significant ( Fig. 2E, pϽ0.05/3) . Under orange-light conditions (612 nm), diapause females appeared only at 2,500 mW/m 2 . However, T. urticae could not recognize this photoperiod regimen as a long night at intensities below 500 mW/m 2 where diapause incidences were significantly lower than at 2,500 mW/m 2 (Fig.  2F, pϽ0.01/3) . The data suggest that the threshold intensity under blue-light conditions for 50% diapause induction was below 50 mW/m 2 and threshold intensities under green-and orange-light conditions were 50-500 and 500-2,500 mW/m 2 , respectively.
DISCUSSION
The results of the present study revealed that in the range of visible-light wavelengths, blue light (475 nm) was the most effective for photoperiodic induction of diapause in T. urticae and red light (658 nm) had no effect on photoperiodism. Veerman (2001) has suggested that the photoperiodic clock in insects and mites most probably operates as a non-circadian hourglass with an opsin-based photoreceptor that is coupled with a carotenoid-derived chromophore, and that the circadian system plays certain roles in insect and mite photoperiodism, as shown in the case of the Nanda-Hamner rhythm (controlled by a different photoreceptor, possibly cryptochrome). 215 Diapause Response in T. urticae The evidence that the photoreceptor pigment for photoperiodism is a carotenoid-derived chromophore coupled with an opsin originated from diet manipulation (Veerman and Helle, 1978; Veerman, 1980; Van Zon et al., 1981; Veerman et al., 1983 Veerman et al., , 1985 Shimizu and Kato, 1984; Hasegawa and Shimizu, 1988; Bosse and Veerman, 1996) . On the other hand, the photoreceptor pigment for circadian entrainment might well be a vitamin B 2 -based cryptochrome, as demonstrated for Drosophila (c.f., Hall, 2000; Van Gelder, 2002) .
To conclude that different photoreceptor pigments are involved in circadian entrainment and in photoperiodism, Veerman and Veenendaal (2003) conducted the following experiment with T. urticae. The T. urticae population used in their study appeared to be insensitive to red light (Ͼ600 nm), but strong photoperiodic sensitivity was found to orange-red light (Ͼ580 nm): T. urticae discriminated a long night of 12 h from a short night of 8 h of orange-red light at 720 mW/m 2 , by producing high and low diapause incidence, respectively, but only in regimens with an LD cycle (T) of 20 h; surprisingly, the 'normal' long night regimen of LD 12:12 with Tϭ24 h virtually resulted in no diapause induction under orange-red light. In T. urticae, the Nanda-Hamner rhythm (which had a period of the free-running rhythm, the so-called t value) is only 20 h, and desynchronization of t with T disturbed the photoperiodic induction of diapause (Veerman and Vaz Nunes, 1980) . Therefore, they suggested that the virtual absence of diapause in orange-red light would result from rapid desynchronization of the Nanda-Hamner rhythm under LD cycles having Tϭ24 h but not in Tϭ20 h. In white light at 720 mW/m 2 and even at 180 mW/m 2 , the Nanda-Hamner rhythm was entrained to both Tϭ20 h and Tϭ24 h, and diapause was induced in both long-night regimens (LD 8:12 and 12:12) . Therefore, they suggested that in T. urticae, different pigments are involved in photoperiodism and in the entrainment of the circadian rhythm, i.e., the Nanda-Hamner rhythm; if only one pigment was involved, both long-night regimens (LD 8:12 and 12:12) would have produced the same results in orange-red light (either diapause or non-diapause), as in the case of white light.
The present study showed that no diapause induction occurred in red light (658 nm), as in DD (Table 1) . The threshold intensity in red light for 50% diapause induction could be above 2,500 mW/m 2 ; the photoreceptor pigment for photoperiodism and/or circadian system in T. urticae had low or no sensitivity to red light. Therefore, T. urticae could not recognize the long-night cycles (LD 8:16) by the photoreceptor pigment for photoperiodism, or desynchronization of the Nanda-Hamner rhythm having tϭ20 h from the LD cycle (Tϭ24 h) occurred. This sensitivity to red light is comparable with those of the action spectra for photoperiodic responses in Bombyx mori (Kogure, 1933) , Metatetranychus ulmi (ϭPanonychus ulmi) (Lees, 1953) , Antheraea pernyi (Hayes, 1971) , Megoura viciae (Lees, 1971 (Lees, , 1981 Hardie et al., 1981) , and Aleyrodes proletella (Adams, 1986) . Using Pectinophora gossypiella, Pittendrigh and Minis (1971) found that the eclosion rhythm and oviposition rhythm were entrained by blue light (480 nm) but not by red light (600 nm). However, photoperiodic induction of diapause could be controlled successfully by using wavelengths of 600 nm and above. This suggests that in P. gossypiella, different photoreceptor pigments are involved in circadian entrainment and in photoperiodism. Further, among insects and mites, there exists a photoreceptor pigment for photoperiodism, which may be coupled with a carotenoid-derived chromophore but shows different sensitivity to light quality, e.g., short-and long-wave opsin.
Low diapause incidence was observed under orange-red light (Ͼ580 nm) at 720 mW/m 2 under an LD cycle with Tϭ24 h (Veerman and Veenendaal, 2003) , whereas strong photoperiodic sensitivity was found in orange light (612 nm) at 2,500 mW/m 2 (Fig. 2F ). This suggests that the Nanda-Hamner rhythm in T. urticae was entrained by the LD cycle with Tϭ24 h when the intensity of orange light was as high as 2,500 mW/m 2 , i.e., not only the photoreceptor pigment for photoperiodism but also that for circadian entrainment in T. urticae shows a slight sensitivity to orange light.
A high sensitivity was observed in the case of blue light (Fig. 2D) ; additionally, the photoreceptor pigment for photoperiodism could recognize the long-night cycles (LD 8:16) , and the Nanda-Hamner rhythm was entrained by the LD cycle with Tϭ24 h even if the intensity of blue light was as low as 50 mW/m 2 . This high sensitivity to blue light is also comparable with those of the photope-riodic responses in B. mori (Kogure, 1933) , M. ulmi (Lees, 1953) , A. pernyi (Hayes, 1971) , M. viciae (Lees, 1971 (Lees, , 1981 Hardie et al., 1981) , A. proletella (Adams, 1986) , and with those of the circadian responses in Drosophila (Frank and Zimmerman, 1969) and P. gossypiella (Bruce and Minis, 1969; Pittendrigh and Minis, 1971 ). This suggests that in most insects and mites, the photoreceptor pigment for photoperiodism has a high sensitivity to blue light and that the photoreceptor pigment for circadian entrainment is also a bluelight sensitive photoreceptor such as cryptochrome.
